Social interaction is known to alter behavior and emotional responses to various events. It has been reported that when fear-conditioned animals are put in a fear extinction paradigm with non-fearful conspecifics (pair-exposure), freezing behavior decreases compared to a solitary situation. However, it remains unclear whether pair-exposure during fear extinction is persistently effective in reducing the freezing response. In this study, we examined whether the effect of pair-exposure could be persistently effective on cued and contextual fear extinction. The reduction of the fear compared to the solitary condition was transiently observed only in the cued fear extinction with no difference in the subsequent recall session. We also found that the correlation between corticosterone levels and freezing behavior during extinction was disrupted in the pair-exposure situation. These results suggest that pair-exposure reduces freezing behavior in cued fear extinction, although this fear response reduction is not persistent. The pair-exposure changed an association between corticosterone levels and freezing behavior during extinction.
Introduction
Clinical exposure therapy for anxiety disorders relies on fear extinction, which is generally believed to be a form of new learning that inhibits the expression of the already acquired fear response [1] . The efficacy of the therapy is still limited to only some portion of patients [2] . Thus, recent studies have explored the methods that facilitate the consolidation of fear extinction memory and reduce fear responses in the long term [3] .
Social interaction is known to alter behavior and emotional responses to various events including the fear responses in the fear extinction of the conditioned fear. Recently, Kiyokawa et al. reported that the presence of a non-fearful conspecific animal during fear extinction (pair-exposure) attenuated fear responses [4] [5] [6] . However, the question still remains whether the pair-exposure during extinction could persistently work beneficially for the consolidation of the fear extinction memory.
Little is known about the mechanism of fear attenuation by pair-exposure but presence of conspecifics has been reported to affect various hormonal levels. Although corticosterone secretion is increased by stressful events, previous studies have reported that the pair situation attenuated the increases due to exposure to a novel environment [7] , a fear-inducing animal [8] and fear conditioning [9] . These phenomena are called social buffering, which can mitigate various stress responses through signals such as odor, touch and visual stimulus from conspesifics [10, 11] . However, there has been no study that has investigated the effect of the social buffering during fear extinction on corticosterone levels. Corticosterone has been reported to enhance the excitability of amygdala neurons [12] , and increases in corticosterone levels have been correlated with enhanced fear-conditioned memory in rats [13] . Thus, we hypothesized a decrease of corticosterone secretion is a factor that leads to the reduction of fear responses. Whereas, corticosterone affects fear memory by modulating the storage or consolidation phase [14] , several other studies have reported that corticosterone treatment [15] and administration of a glucocorticoid agonist [16] facilitated fear extinction. Therefore, attenuation of corticosterone secretion possibly interrupts persistent fear reduction.
In this study, by using pavlovian cued and contextual fear conditioning paradigms, we examined whether the pair-exposure could be beneficial or not for the fear extinction learning. Our study would be a first step in determining whether pair-exposure during fear extinction might be useful in assisting the method of exposure therapy. In addition, to determine whether pair-exposure during fear extinction decreases corticosterone secretion, as in previous social buffering studies, we measured plasma corticosterone levels after fear extinction.
Materials and Methods

Animals
All studies involved 8 week old male C57BL/6J mice (Japan SLC, Inc, Shizuoka, Japan). To be certain mice were non-familiar, Partner group mice (same strain, sex and age) were purchased from CLEA Japan (Tokyo, Japan). There were two types of social buffering differenttially mitigate conditioned fear responses (pair-housing and pair-exposure) [5, 6] . To remove the pair-housing effect, the Pair and Solitary mice were individually housed. Partner mice were housed 3 per cage. They were placed on a 12-h light/dark cycle (light on at 7 am.) with ad libitum food and water. All animals were handled for 5 days before behavioral testing. Mice were used only once. The research and animal care were carried out according to the Guide for Animal Experimentation of the Chiba University Graduate School.
Cued Fear Conditioning, Extinction and Recall
Apparatus
The conditioning chamber (22.8 × 19.7 × 13 cm with a transparent wall and metal floor rods (Actimetrics, IL, USA)) was cleaned thoroughly with a 70% ethanol/30% water solution before each testing. The extinction chamber was formed a polypropylene wall and an acryl floor inside conditioning chamber. The partner box was made of acrylic walls and the palisade consisted of 3 mm diameter stainless bars placed at 1 cm intervals placed into the extinction chamber. The palisade prevented physical interactions but allowed for transmission of visual, olfactory and acoustic stimulus. The extinction chamber and partner box were cleaned thoroughly with a 79.5% water/19.5% ethanol/1% vanilla-extract solution before each testing (Figures 1(a)-(c) ).
Cued Fear Conditioning
Cued fear conditioning involves the pairing of a neutral stimulus (conditioned stimulus, CS), such as a tone with an aversive stimulus (unconditioned stimulus, US) such as an electrical footshock. After CS-US pairings, the CS presentation starts to elicit conditioned fear responses without the US. Fear extinction occurs in a process of repeated exposure to the CS as it decreases the fear response. In this study, mice were habituated to the conditioning chamber for 30 min × 2 day before fear conditioning. Mice were acclimated to the conditioning chamber for 180 sec and then presented with six parings of a tone (CS: 3 kHz, 90 dB, 30 sec) terminated with a foot shock (US: 2 sec 0.75 mA). The inter-trial interval was set as 60 -180 sec. After the last CS-US parings, mice were returned to the home cage following 30 sec no-stimulus period. After matching for equivalent levels of freezing during last CS, conditioned mice were divided into 2 groups; Pair (n = 17) and Solitary group (n = 17).
Extinction and Recall
Twenty-four hours after fear conditioning, conditioned mice were acclimated to the extinction chamber for 180 sec and exposed to the CS 40 times with a partner separated by palisade (Pair group) or alone (Solitary group). The inter-trial interval was set as 5 sec. Partner mice were non-familiar and non-shocked according to previous studies [5, 6] . Partner mice were habituated to the partner box for 30 min × 2 days before extinction. To investigate the persistent effect of pair-exposure, the Recall was performed 24 hours after fear extinction. Pair and Solitary group were acclimated for 180 sec in the extinction chamber and exposed the CS 10 times alone and freezing behavior was measured first 5 CSs. The inter-trial interval was set as 5 sec.
Contextual Fear Conditioning, Extinction and Recall
Apparatus
The conditioning chamber and the partner box were identical to those of cued fear experiments. To avoid the change of context, the partner box was always placed into the conditioning chamber. The conditioning chamber and the partner box were cleaned thoroughly with 70% ethanol/30% water solution before each testing (
Contextual Fear Conditioning
In contextual fear conditioning, fear is conditioned with a context, a conditioning chamber, where mice receive electrical foot shocks as US. In this study, Mice were habituated to the conditioning chamber for 15 min twice × 1 day before fear conditioning. Mice were acclimated for 180 sec and conditioned to six foot shocks (US: 2 sec 0.75 mA). These shock timings were the same as cued fear conditioning without tones. After the last shock, mice were returned to home cage following 180 sec no-stimulus period. After matching for equivalent levels of freezing during last 180 sec, conditioned mice were divided into 2 groups; Pair (n = 14) and Solitary group (n = 14).
Extinction and Recall
Twenty-four hours after the fear conditioning, conditioned mice were exposed to conditioning chamber with a partner separated by palisade (Pair group) or alone (Solitary group). Partner mice were non-familiar and non-shocked as well as cued fear extinction. The partner mice were habituated to the partner box for 30 min × 2 days before extinction. To investigate the persistent effect of pair-exposure, the Recall was performed 24 hours after fear extinction. Pair and Solitary group were exposed to the conditioning chamber for 10 min alone and freezing behavior was measured first 5 min.
Hormone Analysis
Cued fear conditioning and extinction were done in the same way described above. Thirty (n = 22 in Pair and 24 in Solitary) and 60 min (n = 11 in Pair and 12 in Solitary)
after the introduction of cued fear extinction, Pair and Solitary mice were anesthetized with pentobarbital sodium. These time points covered a timing of corticosterone reduction in previous reports [7] [8] [9] . Their blood was collected in heparinized tubes immediately after anesthesia as soon as possible. These collection performed between 9:00 and 13:00. The collected blood was centrifuged at 5000 rpm for 15 min at 4˚C, and the plasma was stored at −80˚C until analysis. Plasma corticosterone levels were determined using the Enzyme Immunoassay Kit (Assay Designs, Inc., MI, USA) according to the manufacturer's instructions. 
Measurement and Statistical Analysis
Results
Pair-Exposure Effect on Freezing Response in Cued Fear Extinction and Recall
In the cued fear extinction, a two-way repeated measures of ANOVA showed significant main effects of trials (F(5.149) = 2.704, p < 0.001) and group (F(1.32) = 10.075, p < 0.01) and significant interaction between group × trials (F(5,149) = 2.704, p < 0.05). Bonferroni's correction showed that freezing responses of Pair mice significantly lower than those of Solitary mice during the Trial 1, 5 (p < 0.05) and Trial 2, 6 (p < 0.01) (Figure  2(a) ). To investigate the persistent effect of pair-exposure, we conducted Recall 24 hours after extinction. In the Recall, student's t-test showed no significant difference in the two group (t (32) = −1.022) (Figure 2(a) ). These findings indicated that pair-exposure during cued fear extinction reduced freezing behavior, but did not ameliorate persistent fear responses.
Pair-Exposure Effect on Freezing Response in Contextual Fear Extinction and Recall
In the contextual fear extinction, a two-way repeated Copyright © 2013 SciRes. JBBS measures of ANOVA showed significant main effects of trials (F(4.107) = 25.897, p < 0.001) and significant interaction between group × trials (F(4. 107) = 3.364, p < 0.05), but did not show significant main effect of group (F(1.26) = 0.163) (Figure 2(b) ). Bonferroni's correction did not show any significant differences in freezing responses between Pair and Solitary group. Twenty-four hours after the fear extinction, the Pair and Solitary mice were exposed to the conditioning chamber alone. In the Recall, student's t-test showed no significant differences in group (t (26) = 0.441) (Figure 2(b) ). These results indicated that pair-exposure during contextual fear extinction did not attenuate the freezing response. The pairexposure induced reduction in freezing occurred specifically during cued fear extinction.
Association between Corticosterone Levels and % Freezing in the Fear Extinction
The presence of conspecifics during various stressful events has been reported to attenuate the increase in corticosterone secretion [7] [8] [9] . However, there has been no study that has investigated the effect of pair-exposure during fear extinction on corticosterone levels. To determine whether pair-exposure attenuates corticosterone secretion, we sampled plasma from the Solitary and Pair group 30 and 60 min after the introduction of cued fear extinction. We focused on cued fear extinction because reduction of fear responses appeared only in the cued fear extinction. A two-way repeated measures of ANO-VA showed significant main effect of trials (F(5.365) = 34.284, p < 0.001) and group (F(1.68) = 17.684, p < 0.001), but did not show significant interaction between group × trials (F(5.365) = 1.904). Student's t-test showed no significant difference in group on plasma corticosterone levels 30 min (t (44) = 1.100, Figure 3(a) ) and 60 min after extinction (t (21) = −0.093, Figure 3(b) ). These results indicated that pair-exposure during fear extinction did not decrease corticosterone secretion. Pearson's correlation showed a significant positive correlation between freezing levels (during the last 10 CS exposures) and corticosterone levels 30 min (R(24) = 0.515, p < 0.01) and 60 min (R(12) = 0.665, p < 0.05) after extinction for the Solitary group (Figures 3(c) and (d) ). However, these effects were not present in the Pair group (R(22) = −0.270 and R(11) = −0.388, respectively). These findings suggest that corticosterone levels after extinction in Solitary group would predict freezing responses during extinction, but corticosterone levels in Pair group would not.
Discussion
In the current study, we examined whether or not the pair-exposure could be beneficial for the extinction learning on fear responses, and corticosterone levels after the fear extinction. In brief, in the cued fear extinction paradigm, we found that pair exposure resulted in the accelerated reduction of the freezing behavior compared to the solitary group. However, the effect was transient, the two groups did not show significant difference in %freezing in the Recall. In the contextual fear extinction paradigm, the pair-exposure effect on freezing behavior was not observed with non-fearful partner during the fear extinction. A positive correlation between freezing levels during extinction and plasma corticosterone levels after cued fear extinction was observed in the solitary, but not in the pair-exposed group. In this study, the presence of a partner reduced freezing responses during cued fear extinction. As described above, the pair-exposure reduced the fear response in fear extinction only transiently, which resulted in no difference in the freezing behavior with solitary group in the Recall. The results suggest that pair-exposure facilitated acquisition but did not alternate the consolidation of fear extinction memories. Clinically, presence of another person or therapists during extinction would be a safety signal which might lead to interfere with extinction earning. Such safety signal could be a conditioned inl hibitor which would alleviate conditioned response (CR) in the short term but maintain the CR when subsequently tested with conditioned stimuli without the signal [3] . In our experiments, existing of conspecific animal neither enhance the consolidation of fear extinction, nor worsen the fear response as a conditioned inhibitor in both cued and contextual situations. In the usual exposure therapy, patients need to overcome the initial fear and anxiety provoked in the first exposure. Thus, to apply our results to clinical exposure therapy for anxiety disorders, the social interaction would be beneficial as an easy induction for patients by reducing initial fear response without interfering fear extinction learning in the subsequent trials.
Interestingly, the reduction of freezing response was observed in the cued fear extinction, but not in the contextual fear extinction, which suggests the pair-exposure effect could be different depending on the fear extinction paradigm. It could be expected that pair-exposure would attenuate the fear responses of contextual conditioned animals because there is a possibility that the contextual CS was disrupted by the partner [5] . However, the pair-exposure in the contextual fear extinction did not affect freezing responses in our study which means the pair-exposure did not interfere with the fear extinction in the normal condition. Guzman et al. has also reported that the influences of exposure to conspecifics differ between cued and contextual paradigms [17] . The pre-exposure to non-fearful conspecifics before fear conditioning produced a persistent reduction in fear responses during contextual fear extinction, whereas this pre-exposure was not effective in cued fear response [17] . Although, future study is needed to clarify the dissociative effect of pair exposure, methodological factor might have affected the results. In our study, mice were separated by the palisade which prevented physical interactions but allowed for transmission of visual, olfactory and acoustic stimuli. Olfactory signal has been reported as an essential factor for stress reduction by conspecifics [6] . Olfactory signals were transmitted to the amygdala through the posteromedial region of the olfactory peduncle, and mitigated activity of the amygdala [18] . Thus, combined with our results, the presence of a non-fearful partner's odor during CS exposure may be necessary for pair-exposure effects on cued fear extinction. The contextual fear conditioning requires both the hippocampus and the amygdala, whereas cued fear conditioning does not require the hippocampus [19] . The primary olfactory cor-tex projects not only to the amygdala, but also to the entorhinal cortex, which in turn projects to the hippocampus [20] . The hippocampus might interfere with the mitigation of the amygdala activity by the olfactory signal in the contextual paradigm.
It should be noted that the palisade prevented the physical interactions between the two animals. This is an apparent difference between our study and the previous study in which attenuated fear response was reported when the animal (rat) was re-exposed to the shock context with a partner after contextual fear conditioning [4] . Although we did not examine the behavioral testing without palisade due to the limited ability of our analysis software, several studies have suggested the importance of physical contact with a partner in social buffering. For example, the prolactin response to open fields is attenuated by play with conspecifics in juvenile rats, and this attenuation was not observed when the pair was separated by a partition [21] . Pair-housing decreased anxiety behavior in the elevated plus maze, and full physical contact is necessary for the emergence of the buffering effect of pair housing on social stress [22] .
The overall corticosterone levels were not different between the two groups, and a positive correlation between corticosterone levels and freezing responses in the Solitary group was observed in agreement with previous studies [13] . Corticosterone is believed to enhance memory for emotionally arousing information [23] and enhance the excitability of amygdala neurons [12] . Thus, the correlation between corticosterone and freezing responses in the Solitary group likely reflects the intensity of fear memories. In the Pair group, however, this correlation was not observed. The effect of social buffering on corticosterone response during stressful events is actually inconsistent among studies. Some reported that social buffering prevented increase of corticosterone during stressful events [7] [8] [9] , whereas there are reports that social buffering does not decrease corticosterone responses to novel environments or fear inducing animal [24, 25] . It cannot be denied these differences in the effects of the social buffering may be attributable to differences in species, strains, or environments, our findings suggest that the effect of the social buffering on behavioral response could be independent from the corticosterone response, which would not affect the consolidation of extinction learning.
Conclusion
Our data showed that pair-exposure reduced freezing behavior in cued fear extinction, but not in contextual fear extinction. This fear response reduction was transient and the subsequent fear response was observed normally. Corticosterone level after the fear extinction was correlated with % freezing in the Solitary condition but not in the Paired condition, which suggested that the mechanism under the effect of social buffering might be distinct from the regulation of the stress hormone.
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